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Mitotic centromere-associated kinesin (MCAK) is 
a microtubule-depolymerizing kinesin- 1 3 mem- 
ber that can track with polymerizing microtu- 
bule tips (hereafter referred to as tip tracking) during both 
interphase and mitosis. MCAK tracks with microtubule 
tips by binding to end-binding proteins (EBs) through the 
microtubule tip localization signal SKIP, which lies N ter- 
minal to MCAK's neck and motor domain. The functional 
significance of MCAK's tip-tracking behavior during mito- 
sis has never been explained. In this paper, we identify 



and define a mitotic function specific to the microtubule 
tip-associated population of MCAK: negative regulation 
of microtubule length within the assembling bipolar spin- 
dle. This function depends on MCAK's ability to bind EBs 
and track with polymerizing nonkinetochore microtubule 
tips. Although this activity antagonizes centrosome sepa- 
ration during bipolarization, it ultimately benefits the di- 
viding cell by promoting robust kinetochore attachments 
to the spindle microtubules. 



Introduction 

Mitotic centromere-associated kinesin (MCAK/Kif2C) is a po- 
tent depolymerizer of microtubules in cells and in vitro. Surpris- 
ingly, however, this potent microtubule depolymerizer tracks 
with assembling microtubule tips (Honnappa et al., 2009), dem- 
onstrating that MCAK tracks with microtubule tips by binding 
to end-binding proteins (EBs) through the microtubule tip local- 
ization signal SKIP, which lies N terminal to MCAK's neck and 
motor domain. When this SKIP domain is mutated, both the EB 
interaction and tip tracking are abolished. MCAK-EB binding is 
necessary for MCAK's full depolymerization activity in cells as 
a result of increased targeting of MCAK to the microtubule tip 
even though MCAK' s catalytic activity is not altered by binding 
to EBs (Honnappa et al., 2009; Montenegro Gouveia et al., 
2010). The functional implications for the cell of MCAK's abil- 
ity to tip track via EBs are presently untested. 

It has been observed that adding successively higher lev- 
els of MCAK protein to Xenopus laevis extracts leads to shorter 
spindles during meiotic spindle assembly (Ohi et al., 2007), 
leading the authors to speculate that this effect can be attrib- 
uted to MCAK's effect on dynamic microtubule plus ends. 
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We devised the tools to mechanistically test this hypothesis in 
human mitotic cells. We used MCAK-specific siRNA to de- 
plete endogenous MCAK in HeLa cells and performed live-cell 
time-lapse microscopy during recovery from monastrol. Treating 
cells with monastrol, a membrane-permeable inhibitor of the 
kinesin Eg5, prevents centrosomes from separating as cells 
enter mitosis, which leads to accumulation of monopolar cells 
(Kapoor et al., 2000). Inhibition can be reversed by monastrol 
washout such that cells recover and centrosomes separate to 
form bipolar spindles, making this assay useful for studying 
spindle assembly. We used a series of mutant versions of 
MCAK that target the depolymerizer to defined regions of the 
mitotic spindle to rescue the effect of MCAK loss on the as- 
sembling spindles. 

We find that MCAK' s tip-tracking activity is required to 
suppress centrosome separation during bipolar spindle assem- 
bly. Why this activity would be useful to the cell at the time 
when spindles are being assembled becomes clear when ki- 
netochore attachment is monitored via MAD1 binding. Cells 
depleted of MCAK assemble spindles with excessively long 
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Figure 1 . MCAK depletion results in transient 
long spindles after monastrol washout. (A) A cell 
treated with control siRNA. (B] A cell treated 
with MCAK-specific siRNA (arrowheads high- 
light centrosome position in long spindle). 
(C and D) Cells treated with control siRNA 
(C) or MCAK-specific siRNA (D) labeled with 
antitubulin and antipericentrin. Microtubule 
length can be measured in live cells express- 
ing GFP-EB3 (green) and RFP-pericentrin (red). 
(E and F) The longest visible microtubule ends 
were measured in control (E) or MCAK siRNA- 
depleted (F) cells from the EB3-labeled tips 
(open arrowheads) to the center of the centro- 
somes (black asterisks). (G) Cell means of mi- 
crotubule length in monasters in control siRNA 
and MCAK siRNA-depleted live cells. MCAK- 
depleted cells possess microtubules that are 
significantly longer (P < 0.001). Error bars 
correspond to SEM of cell means of the longest 
measurable microtubules. Bars, 10 urn. 
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nonkinetochore microtubules that elongate rapidly and to a 
greater extent than control cells. This activity can be rescued 
with wild-type (wt), but not a mutant, version of MCAK that is 
unable to track on assembling microtubule tips. The kineto- 
chores in these spindles have difficulty establishing robust con- 
nections compared with control cells, as indicated by their high 
levels of MAD 1. Thus, suppression of bipolarization by MCAK- 
dependent limits on microtubule length within the spindle has 
benefits for the cell in that it promotes robust attachment of 
kinetochores presumably by providing a high concentration of 
microtubule ends in the vicinity of congressing kinetochores. 

Results and discussion 

HeLa cells were transfected with constructs expressing RFP- 
pericentrin (to visualize centrosomes), EGFP-tubulin, and siRNA 
oligonucleotides directed against MCAK or nonspecific sequence 
(control) for 24 h and then incubated for 2 h in media contain- 
ing 100 uM monastrol to accumulate monopolar spindles. At 
this time, unusually long microtubules were seen in monopolar 
cells depleted of endogenous MCAK (3-min, 30-s time point; 
Fig. 1 B). Monastrol-containing media was washed out, and 
cells were released into media containing 5 uM MG132 to 
prevent cells from progressing beyond metaphase. Control cells 
formed normal metaphase-length spindles of 10-12 urn after 
monastrol washout (Fig. 1 A and Video 1). In contrast, cells de- 
pleted of MCAK formed extremely long spindles (approaching 
1 8 um) 20 min after monastrol washout that appeared to be the 
product of long microtubules (18-min, 58-s time point; Fig. 1 B 
and Video 2). Microtubules appeared longer in MCAK-depleted 
monasters (Fig. 1, C and D) and in extreme cases exhibited 
curvature (Fig. 1 D, bottom). The cell means for the longest 



measurable microtubule lengths in live siRNA-treated cells dually 
expressing GFP-EB3 and RFP-pericentrin were significantly 
(P < 0.001) longer in MCAK-depleted cells (Fig. 1, E-G). The 
microtubule length measurements for MCAK-depleted cells 
may, in some cases, be an underestimate, as the microtubules 
may curve (Fig. 1 D, bottom). Interestingly, during monastrol 
reversal, the appearance of long spindles was transient, and, by 
40 min after washout, spindle length had shortened, resulting in 
metaphase spindles similar in length to those of control cells. 
The transient nature of the spindle length overshoot is a likely 
explanation for why this effect has not been previously observed 
in standard MCAK depletions (Ganem et al., 2005; Wordeman 
et al., 2007). We conclude that MCAK suppresses spindle 
elongation by limiting microtubule length during bipolar spindle 
assembly in mammalian cells. 

During interphase, MCAK localizes to polymerizing micro- 
tubule tips (Fig. 2 A; Moore et al., 2005). Mutating the SKIP 
domain in MCAK so that it cannot bind to the EBs (Fig. 2 B) 
impairs cellular microtubule depolymerization activity (Fig. 2 C; 
Montenegro Gouveia et al., 2010). During mitosis, MCAK 
localizes to centromeres, centrosomes, and polymerizing micro- 
tubule tips (Fig. 2 D; Wordeman and Mitchison, 1995). How- 
ever, the mitotic role, if any, of the microtubule tip-associated 
population of MCAK remains unknown. As long microtubules 
correlated with the appearance of long spindles in cells depleted 
of MCAK (Fig. 1 B), we hypothesized that the mitotic role of 
MCAK concentrated at microtubule plus ends is to provide the 
depolymerization activity required to limit microtubule length 
and prevent long transient spindles during bipolar spindle assem- 
bly. Before directly testing this hypothesis, we compared GFP- 
wtMCAK with a version of MCAK in which the SKIP domain 
was mutated to SKNN (hereafter referred to as GFP-IPNN) in 
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Figure 2. EB binding is necessary for MCAK 
to concentrate on microtubule tips. (A) Live im- 
aging of a HeLa cell cotransfected with EB3- 
RFP and GFP-wtMCAK. Black arrows indicate 
the position of the polymerizing microtubule 
tip at a time of 0 s and later (white arrows). 
(B) A live cell cotransfected with EB3-RFP and 
GFP-IPNN-MCAK. (C) EB interaction corre- 
lates with less microtubule polymer in fixed 
interphase cells transfected with GFP-wtMCAK 
versus GFP-IPNN-MCAK or GFP. Error bars 
correspond to the SEM of the cell pair means 
of the tubulin ratios between a transfected and 
untransfected cell in the same field. (D) Fixed 
HeLa cells transfected with RFP-CENP-B (to 
mark centromeres; red) and EGFP-wtMCAK or 
EGFP-IPNN (green) and stained for a-tubulin. 
EGFP-wtMCAK concentrates at centrosomes 
(asterisks), centromeres, the spindle midzone 
(arrows), and microtubule tips (boxes and 
magnified images). (E) EGFP-IPNN localizes to 
centrosomes (asterisks), centromeres, and the 
spindle midzone (arrows) but not at micro- 
tubule tips (shown by the boxes and magni- 
fied images). Bars: (A, B, D, and E) 10 pm; 
(D and E, insets) 9 urn. 



mitotic HeLa cells. This MCAK mutant cannot bind EBs or 
track with polymerizing microtubule tips (Fig. 2 B; Honnappa 
et al., 2009). We examined whether the binding interaction be- 
tween MCAK and EBs is the principle determining factor for 
MCAK's concentration on microtubule tips during mitosis. 
Similar to GFP-wtMCAK, GFP-IPNN localized to centrosomes 
and centromeres throughout mitosis and to the spindle mid- 
zone during anaphase (Fig. 2, D and E). However, unlike GFP- 
wtMCAK, GFP-IPNN did not concentrate at polymerizing micro- 
tubule tips. This was most easily seen on the astral microtubules 
(magnified images in Fig. 2, D and E). We did not detect any 
significant difference in centromere activity between GFP- 
wtMCAK and GFP-IPNN (Fig. S 1 , A-E). To measure centrosome- 
specific differences between these two versions of MCAK, 
we depolymerized microtubules with nocodazole to reduce dif- 
ferences in MCAK concentration near the centrosome as a 
result of microtubule nucleation. We were unable to completely 
eliminate all microtubule polymers in the vicinity of the asters 
(unpublished data). The ratios were very similar, although 
GFP-IPNN was slightly higher (Fig. SI F), possibly as a result 



of a separate contribution from GFP-wtMCAK tracking on the 
small amount of residual polymer. 

To test our hypothesis that MCAK concentrated at polym- 
erizing microtubule tips was responsible for the suppression of 
spindle elongation, cells depleted of endogenous MCAK were 
rescued with siRNA-resistant GFP-wtMCAK, GFP-IPNN, or 
GFP for 24 h. More than 80% depletion of endogenous MCAK 
can be achieved using this method (Fig. 3 A). Monastrol treat- 
ment and washout were performed in the same manner as for the 
live-cell microscopy assay (Fig. 1). Cells were fixed at —5, 20, 
40, and 60 min after washout, and spindle length (based on dis- 
tance between centrosomes) as a function of GFP expression 
was measured. Compared with cells expressing only GFP, spin- 
dle length was shorter in cells expressing an intermediate or high 
level of GFP-IPNN at each time point, although by 60 min after 
monastrol washout, spindles had reached the same length as 
those in cells expressing GFP (Fig. 3, B and C). The shorter 
spindle lengths in cells expressing GFP-IPNN compared with 
cells expressing GFP at 20 and 40 min are a result of GFP-IPNN 
that depolymerizes microtubules by reaching the microtubule tip 



MCAK promotes kinetochore attachment • Domnitz et al. 233 



EGFP- EGFP- EGFP- 
EGFP IPNN wtMCAKAN-term 



Control siRNA + 
MCAK siRNA - 
97,000 D- 

39,000 D- — — — — - 

B Intermediate Expression 



Table 1 . Distance between centrosomes is negatively correlated 
with increasing MCAK expression, as determined by Pearson correla- 
tion coefficients. 
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Figure 3. MCAK suppresses centrosome separation and spindle length 
after monastrol washout by action at nonkinetochore microtubule tips. (A) A 

Western blot demonstrating depletion of endogenous MCAK protein with 
MCAK-specific siRNA and rescue with EGFP constructs in HeLa cell lysates. 
HeLa cells depleted of endogenous MCAK and rescued with EGFP (con- 
trol], EGFP-IPNN, EGFP-wtMCAK, or EGFP-AN-term are shown. GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase. (B) Intermediate expression 
of EGFP-IPNN and EGFP-wtMCAK suppresses spindle length compared 
with EGFP, but centrosomes still separate to form normal-length bipolar 
spindles. (C) High expression of EGFP-wtMCAK or EGFP-AN-term inhibits 
centrosome separation, whereas cells expressing EGFP or EGFP-IPNN form 
bipolar spindles. (B and C) Error bars are SEM. The data were thresh- 
olded to three expression levels from cell means of centrosome distances 
at four time points. There were no less than 75 cells measured for each 
construct at each time point. The total numbers of cells measured are 343 
(GFP), 360 (IPNN), 401 (wtMCAK), and 339 (AN-term). (D) Images of 
metaphase cells expressing EGFP-wtMCAK or EGFP-AN-term. Note that 
EGFP-AN-term is absent from centromeres (arrow) but is present on micro- 
tubule tips (arrowheads) and at the centrosome. ACA and tubulin staining 
are shown. Bar, 10 urn. 

via 3D diffusion through the cytoplasm. Spindle length in cells 
expressing an intermediate level of GFP-wtMCAK was shorter 
than in cells expressing GFP or GFP-IPNN (Fig. 3 B), whereas 
cells expressing a high level of GFP-wfMCAK failed to establish a 
normal metaphase spindle length even 60 min after monastrol was 
washed out, demonstrating an MCAK-related, dose-dependent 
negative effect on spindle length (Figs. 3 C and S2). Collec- 
tively, these data indicate that MCAK's tip-tracking activity lim- 
its spindle length before metaphase. It is important to note that 
the mean spindle length in cells depleted of endogenous MCAK 
and rescued with GFP or GFP-IPNN does not approach 1 8 um at 
the 20-min time point after monastrol washout, as might be 
expected based on live imaging of MCAK-depleted cells such as 
the cell shown in Fig. 1. Our fixed and live imaging data suggest 
that there is temporal variability in the time at which spindles 
reach their longest length. Therefore, when many cells are aver- 
aged together, the mean spindle length is shorter than the maxi- 
mum length seen in live images. This is a likely explanation for 
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Pearson correlation coefficients for data are shown in Fig. 4, showing distance 
between centrosomes versus EGFP expression. 



why the effect of MCAK on spindle lengths is controversial and 
inconsistent (Ganem et al., 2005; Buster et al., 2007; Wordeman 
et al, 2007). 

There was a significant negative correlation between spin- 
dle length and extent of GFP-wtMCAK expression at all four 
time points, as determined by Pearson correlation coefficient, 
but there was no correlation between extent of GFP expression 
and spindle length at any time point (Table 1). This correlation 
is also supported by work in Xenopus extracts, which shows a 
negative correlation between bipolar spindle assembly and 
MCAK activity (Mitchison et al., 2005; Ohi et al., 2007; Cross 
and Powers, 2011). There was a small negative correlation at 
the 20- and 40-min time points in cells expressing GFP-IPNN, 
which was not unexpected, as GFP-IPNN can depolymerize 
microtubules if it contacts microtubule tips while diffusing 
in the cytoplasm. Higher expression of GFP-IPNN increases 
the amount of GFP-IPNN in the cytoplasm and therefore in- 
creases the amount of GFP-IPNN that comes in contact with 
microtubule tips. The negative correlation is stronger for GFP- 
wtMCAK, as higher expression increases GFP-wtMCAK at the 
polymerizing microtubule tips through tip tracking and through 
contact in the cytoplasm. 

To confirm that the effect we saw on spindle length was a 
result of MCAK activity at microtubule tips rather than activity 
at centromeres, we engineered an MCAK mutant that was 
absent from centromeres (Maney et al., 2001; Walczak et al., 
2002) but remained on microtubule tips and centrosomes by de- 
leting the first 19 amino acids from the N terminus of MCAK 
(hereafter referred to as GFP-AN-term, Fig. 3 D). At each time 
point in our monastrol washout assay, spindle length in cells 
with high expression levels of GFP-AN-term was the same as it 
was in cells expressing high levels of GFP-wtMCAK (Fig. 3 C). 
These data define a role for the tip-tracking population of MCAK 
in regulating spindle length. In contrast, centromere-associated 
MCAK did not contribute to this process. Using monastrol, micro- 
tubules remain polymeric throughout the assay so that we were 
not studying microtubule nucleation. Thus, our results are not in 
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A B Figure 4. Long microtubules correlate with a higher per- 




centage of MAD1 -positive kinetochores. HeLa cells were 
transfected with EGFP-MAD1 and the indicated siRNA for 
24 h before monastrol treatment. (A) Mean spindle length at 
20 min after monastrol release for cells treated with MCAK- 
specific siRNA or control siRNA. N equals cell count. P = 
0.01. (B) Percentage of Madl-positive kinetochores (KTs] 
in cells treated as in A. (A and B) Error bars indicate SEM. 

(C) Spindles of different lengths showing kinetochores and 
the presence of MAD1 in cells treated as in A. Bar, 10 urn. 

(D] A model illustrating that in bipolar cells with long micro- 
tubules, free microtubule ends cross the metaphase plate and 
thus bypass many kinetochores so those kinetochores have 
more difficulty forming stable attachments to microtubules. As 
a result, MAD1 remains on these kinetochores. 
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conflict with previous work showing that centromeric MCAK 
inhibits microtubule nucleation and resulting spindle assembly 
(Tulu et al., 2003; Toso et al, 2009). 

Depletion of MCAK from microtubule tips created very 
long spindles in our assay, but they were transient and eventually 
established normal-length metaphase spindles. This suggests that 
there are forces maintaining spindle length during metaphase in 
spite of the presence of long nonkinetochore microtubules and 
depleted endogenous MCAK levels. It is likely that numerous reg- 
ulators of microtubule length may specifically control later stages 
of bipolar spindle assembly (Mitchison et al, 2005; McNally 
et al, 2006; Buster et al., 2007; Loughlin et al., 201 1). 

Previous studies have reported that MCAK depletion 
causes bipolar spindle collapse (Kollu et al., 2009; Tanenbaum 
et al., 2009), which would seem at odds with our finding that 
MCAK depletion transiently increases spindle length. How- 
ever, these previous studies measured MCAK's effect on prees- 
tablished metaphase spindles in the absence of Eg5 activity, 
whereas we have measured MCAK's effect on bipolar spindles 
assembling in the presence of Eg5 activity. It is reasonable that 
exceptionally long microtubules, as caused by MCAK deple- 
tion, might lead to spindle collapse in the absence of Eg5 and 
excessive spindle elongation when Eg5 is present. Therefore, 
our results are not in conflict with past studies, but, rather, we 
define the contribution of MCAK activity as suppression of 
centrosome separation during bipolar spindle assembly. 

Why is it important to regulate microtubule length during 
the establishment of spindle bipolarity? To determine the nega- 
tive impact of long spindles composed of long microtubules, we 
used GFP-MAD1 as a sensitive readout for the stability of micro- 
tubule-kinetochore attachments. As microtubule-binding sites 
on kinetochores are filled, MAD1 disappears (Chen et al., 1998), 
making it a useful tool to study attachment defects. We evaluated 
cells transfected with GFP-MAD1 and either MCAK siRNA or 



control siRNA 20 min after monastrol washout. The mean spin- 
dle length was longer in MCAK-depleted cells than in control 
cells at 20 min after washout, consistent with transient excessive 
centrosome separation (Fig. 4 A). We measured GFP-MAD1- 
positive kinetochores in both control and MCAK-depleted cells 
with spindles that were 10 um or longer to limit our study to 
established bipolar spindles. In control cells, we saw a positive cor- 
relation between spindle length and percentage of kinetochores 
that were positive for GFP-MAD1 20 min after washout (Fig. 4, 
B and C). In other words, control spindles that had achieved their 
normal metaphase length of 10-12 urn had less GFP-MAD1 
on their kinetochores, suggestive of improved kinetochore- 
microtubule attachments, whereas control spindles that were 
unusually long exhibited poorly attached kinetochores. In MCAK- 
depleted cells, there were significantly more excessively long 
(>12 um) spindles, and these spindles exhibited poor attachments 
(Fig. 4, B and C). What was surprising was that in contrast to 
control cells, MCAK-depleted cells had a high percentage of 
MAD 1 -positive kinetochores regardless of spindle length. Spin- 
dles that had achieved a normal metaphase length of 10-12 um 
still exhibited very poorly attached kinetochores (Fig. 4, B and C). 
Live imaging of kinetochores establishing connections is shown 
in Video 3. We propose that MCAK-depleted cells have a high 
percentage of MAD 1 -positive kinetochores because MCAK 
depletion results in long microtubules at all spindle lengths dur- 
ing spindle assembly. Control cells likely have occasional long 
spindles as a result of long microtubules resulting from variability 
in endogenous levels of microtubule depolymerizers and stabiliz- 
ers. Our results suggest that congressing kinetochores have trou- 
ble collecting sufficient numbers of end-on attachments to satisfy 
the spindle checkpoint when the spindle microtubules are long. 
Fig. 4 D illustrates this idea. Long microtubules lead to a lower 
concentration of free microtubule ends at the metaphase plate 
with which congressed kinetochores can form attachments. 
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Our data suggest that Eg5-dependent bipolar spindle 
length is amplified by long microtubules at early stages of cen- 
trosome separation. GFP-wtMCAK suppresses centrosome sep- 
aration by efficiently depolymerizing microtubules and keeping 
them shorter in length. In contrast, in MCAK-depleted cells, the 
GFP-IPNN mutant has impaired depolymerization activity and 
fails to rescue extremely long spindles at levels in which GFP- 
wtMCAK succeeds in rescuing this effect. Thus, maintaining a 
shorter spindle length by restricting microtubule length is the 
responsibility of the population of MCAK molecules that are 
specifically recruited to polymerizing microtubule tips by EBs. 
In turn, this activity promotes proper kinetochore attachment by 
increasing the likelihood that kinetochores will encounter micro- 
tubule ends in the vicinity of the metaphase plate. 

Centromere-associated MCAK utilizes its microtubule- 
depolymerizing activity (Hunter et al., 2003) to promote the 
turnover of microtubules at the kinetochore (Manning et al., 
2007), which repairs aberrant microtubule connections and sup- 
presses chromosome instability (Bakhoum et al., 2009). In con- 
trast, MCAK that is recruited to microtubule ends via EB 1 uses 
its microtubule-depolymerizing activity for a distinctly different 
cellular function: limiting microtubule length within the assem- 
bling spindle. Counter intuitively, this activity ensures proper 
kinetochore attachment and satisfaction of the spindle assembly 
checkpoint by increasing the density of microtubule ends in the 
spindle midzone. The importance of this activity for achieving 
robust microtubule attachment cannot be overemphasized. Kine- 
tochores can use either CENP-E-directed gliding to a microtubule 
plus end (Kapoor et al., 2006; Kim et al., 2008; Cai et al., 2009; 
Magidson et al., 201 1) or dynein-dependent minus-end-directed 
gliding to the centrosome (Yang et al., 2007) to position them- 
selves in juxtaposition to high concentrations of microtubule 
ends. However, excessively long microtubules will dilute the 
concentration of ends in the spindle midzone as some micro- 
tubules will extend toward the opposite half spindle. We hypothe- 
size that this defeats the purpose of lateral gliding to achieve 
amphitelic attachments because, once bound to the end of the 
microtubule, the options for further microtubule capture by the 
kinetochore are constrained because their mobility is limited by 
the dynamics of the attached microtubules. This, we hypothesize, 
may be the purpose of congression in organisms possessing 
kinetochores that bind multiple microtubules. If microtubule 
length within the bipolar spindle is not constrained, then the 
proportion of microtubule plus ends in the vicinity of the ki- 
netochores will be insufficient, leading to difficulty in satisfying 
the checkpoint and increased chromosome instability. 

Materials and methods 

Cell culture, transfection, and immunofluorescence 

HeLa cells were grown in MEM Alpha medium (Invitrogen) supplemented 
with 10% FBS (Hyclone; Thermo Fisher Scientific). Cells were transfected 
with 2 ug of plasmid DNA by electroporation with Nucleofector II (Lonza) 
according to manufacturer's instructions. Cells were also transfected with 
33 nM MCAK siRNA using the transfection reagent Lipofectamine RNAiMAX 
(Invitrogen). Cells were seeded on 1 2-mm coverglasses and incubated for 
24 h at 37°C in 5% CO2. Cells were treated with media containing 100 uM 
monastrol (A.G. Scientific, Inc.) for 2 h. Monastrol was quickly washed out 
three times with fresh media and then replaced with media containing 5 uM 



MG132 (EMD) for 20-60 min. Cells were fixed in 1% PFA in -20°C 
methanol for 10 min or 0.5% glutaraldehyde in PBS at 37°C for 10 min 
followed by 0.2% Triton X-100 in PBS for 10 min and then quenched in 
0.1% sodium borohydride three times for 10 min. Cells were stained with 
anti-7-tubulin primary antibody (Sigma-Aldrich) followed by Texas red 
donkey anti-mouse secondary antibody (Jackson ImmunoResearch Labora- 
tories, Inc.) or anti-human anticentromere antibody (ACA) primary anti- 
body (Antibodies Inc.) followed by Alexa Fluor 568 goat anti-human 
secondary antibody (Invitrogen). All cells were stained with YL (rat antity- 
rosinated tubulin ab6160; Abeam) anti-a-tubulin primary antibody followed 
by Cy5 anti-rat secondary antibody (Jackson ImmunoResearch Laboratories, 
Inc.). Coverglasses were mounted with DAPI-containing VECTASHIELD 
mounting medium (Vector Laboratories). 

siRNA and DNA constructs 

Endogenous MCAK was depleted with siRNA (ID no. s21665; Applied 
Biosystems). Where indicated, mock siRNA was used as a control (nega- 
tive control no. 1 ; Applied Biosystems). An siRNA-resistant CgMCAK plas- 
mid, EGFP-wtMCAK, was derived from full-length MCAK (Ovechkina etal., 
2002) by oligonucleotide-directed mutagenesis (Sambrook et al., 1989) 
to alter MCAK codons 60-64 of 5 '-GCAATAAACCCAGAA-3 ' by silent 
substitutions of sequence 5'-GCcATcAAtCCgGAg-3', in which lowercase 
letters indicate mismatches with siRNA no. s21665. Mutations I97N and 
P98N were introduced by PCR into EGFP-wtMCAK to give EGFP-IPNN. 
A deletion of the first 1 9 codons was introduced by PCR into EGFP-wtMCAK 
to give EGFP-AN-term. 

SDS-PAGE and Western blotting 

HeLa cells were lysed, and proteins were separated and visualized as pre- 
viously described (Rankin and Wordeman, 2010), with the exception that 
cells were lysed 24 h after transfection. 

Fixed-cell microscopy 

Cells were imaged on a widefield microscope (model FX-A; Nikon) with a 
cooled charge-coupled device camera (SenSys; Photometries) controlled 
by QED camera software (Media Cybernetics). For each time point during 
the monastrol washout assay, all cells between the monopole phase and 
metaphase were counted, provided both centrosomes were in the same 
plane of focus. Multipolar cells, which were in the minority, were excluded, 
regardless of cell cycle phase and even if all poles were in the same plane 
of focus. 

Quantification of fixed-cell images 

Distance between 7-tubulin-labeled centrosomes was measured in ImageJ 
(National Institutes of Health). Mean EGFP expression for each cell was 
determined by encircling the cell and obtaining the mean pixel intensity. 
Sister centromere separation was calculated by measuring the centroid-to- 
centroid distance between RFP-CENP-B-labeled centromeres in ImageJ. 
Statistical significance for datasets was determined by a two-tailed unpaired 
Student's t test in Excel (Microsoft). Pearson correlation coefficients were 
determined using Prism (version 5.0c; GraphPad Software). The percentage 
of MAD 1 -positive kinetochores was calculated by counting the number of 
MAD 1 -labeled kinetochores per cell divided by the number of ACA-stained 
kinetochores per cell. Only cells with a spindle length of 10 urn or more 
were measured. 

Quantification of turnover at the centromere 

HeLa cells were transfected with either EmGFP-wtMCAK or EmGFP-IPNN. 
Individual centromeres in live transfected cells were bleached with one 
200-ms pulse at 1 7% laser power from a 406-nm laser using a FRAP-enabled 
DeltaVision RT system (Applied Precision) and a 1 .4 NA 1 OOx objective 
(Olympus). Postbleach images were collected adoptively using a 32% neutral 
density filter and ranging from 2-ms to 3-s intervals. Under these condi- 
tions, no bleach decay was observed after recovery. The fluorescence of the 
bleached centromere region was measured in arbitrary units, and the time 
and extent of recovery were plotted using a single-phase exponential in 
Prism (version 5.0). 

Live-cell imaging 

HeLa cells were cultured and transfected as described for fixed-cell assay 
but plated on 35-mm glass coverslip dishes coated with poly-L-lysine (MatTek 
Corporation) for 24 h after DNA and siRNA transfections but before 
live imaging analysis. Before imaging, cells were switched to 37°C C0 2 - 
independent media (Invitrogen) with 1 0% FBS. Monastrol was washed out, 
and cells were released into 5 uM MG1 32. Time is reported relative to ad- 
dition of MG1 32. Cells were imaged with a DeltaVision RT system equipped 
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with an inverted microscope (IX-71; Olympus) and softWoRx (version 3.6.0; 
Applied Precision) with 3D rendering. A CoolSNAP HQ2 camera (Photo- 
metrics) with an intensity offset set to 50.00 was used to record the images. 
Images were collected with a 60x 1 .42 NA objective (Olympus) and a 
37°C environmental chamber (Applied Precision). Images were collected 
by a 10.2-pm optical axis integration scan (Applied Precision) at 30-s 
intervals. Subsequent deconvolution was performed with bleach correction 
and z line correction "on" in the softWoRx menu. Monastrol washout was per- 
formed during imaging, as described for fixed cells. 

Online supplemental material 

Fig. SI shows that loss of tip-tracking activity does not alter MCAK's activ- 
ity at the centrosome or centromere. Fig. S2 presents histograms of the 
data supporting the discovery that EGFP-wtMCAK suppresses spindle 
length during assembly compared with EGFP-IPNN and EGFP control. 
Video 1 records a HeLa cell transfected with control siRNA and constructs 
expressing RFP-pericentrin and GFP-tubulin recovering from monastrol treat- 
ment. Video 2 shows a similar cell recovering from monastrol treatment, 
except that it has been transfected with siRNA directed against endog- 
enous MCAK; the assembling spindle exhibits a length overshoot during 
bipolarization. Video 3 shows a control and MCAK siRNA-treated cell 
expressing GFP-Madl and recovering from monastrol treatment, illustrat- 
ing the preferential retention of GFP-MAD1 on MCAK-depleted spindles. 
Online supplemental material is available at http://www.jcb.org/cgi/ 
content/full/jcb.201 108147/DC1. 
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